Aim: To characterize the locus for O-antigen biosynthesis from Escherichia coli O172 type strain and to develop a rapid, specific and sensitive PCR-based method for identification and detection of E. coli O172. Methods and Results: DNA of O-antigen gene cluster of E. coli O172 was amplified by long-range PCR method using primers based on housekeeping genes galF and gnd Shot gun bank was constructed and high quality sequencing was performed. The putative genes for synthesis of UDP-FucNAc, O-unit flippase, O-antigen polymerase and glycosyltransferases were assigned by the homology search. The evolutionary relationship between O-antigen gene clusters of E. coli O172 and E. coli O26 is shown by sequence comparison. Genes specific to E. coli O172 strains were identified by PCR assays using primers based on genes for O-unit flippase, O-antigen polymerase and glycosyltransferases. The specificity of PCR assays was tested using all E. coli and Shigella O-antigen type strains, as well as 24 clinical E. coli isolates. The sensitivity of PCR assays was determined, and the detection limits were 1 pg ll )1 chromosomal DNA, 0AE2 CFU g )1 pork and 0AE2 CFU ml )1 water. The total time required from beginning to end of the procedure was within 16 h.
INTRODUCTION
Escherichia coli O172 serogroup strains produce the Shiga toxin 2 and belong to Shiga toxin-producing E. coli (STEC) strains (Cornu et al. 1999; Pradel et al. 2000; Leung et al. 2001; Vettorato et al. 2003) . Some serotypes of STEC have been associated with outbreaks and endemic cases of haemorrhagic colitis and the life-threatening haemolytic uraemic syndrome. Escherichia coli O172 has frequently been chain length of the O-antigen might be a reliable indicator of virulence potential (Lerouge and Vanderleyden 2002) .
Genes involved in biosynthesis of O-antigen are clustered on the chromosome between housekeeping genes galF and gnd in E. coli and are classified into three main classes: (i) genes for biosynthesis of nucleotide sugars; (ii) genes for transfer of sugars from their respective nucleotide sugar donors to build O unit; (iii) genes for processing steps in the conversion of the O unit and carrying out specific assembly to form the O-antigen as part of LPS, including flippase gene (wzx) and polymerase gene (wzy) . The genes of last two classes are specific for different O antigens .
Escherichia coli, serotyped with the combination of their somatic (O) and flagella (H) (sometimes capsular, K) antigens, consists of both commensal and pathogenic strains. The evolution of E. coli as a gastrointestinal pathogen is comparatively recent (Lan and Reeves 2002) . There are some 186 O-antigen forms found in E. coli including Shigella after allowing for overlap and the fact that most S. flexneri antigens are variations on a single form (Ewing 1986; Feng et al. 2004b) . O-antigens are present in both pathogenic and nonpathogenic strains of E. coli, but some are more commonly found in pathogenic clones (Nataro and Kaper 1998) . The dominant STEC serotype is O157:H7, but recently more non-O157 STEC strains including O172 STEC strains have been implicated in food and waterborne diseases (Cornu et al. 1999; Pradel et al. 2000; Leung et al. 2001; Vettorato et al. 2003) . Unlike O157 STEC strains, which ferment sorbitol and can be easily differentiated from other E. coli strains, non-O157 STEC strains are more difficult to be detected among commensal E. coli. Thus it is important for diagnostic and epidemiological purposes to quickly detect precise O serotypes of clinical E. coli pathogen strains. The O-antigen gene clusters of STEC serogroups, such as O157, O111, O26, O113, O91 and O121, have been sequenced and genes specific to the O-antigen were identified except O113 Paton and Paton 1999; D'Souza et al. 2002; Perelle et al. 2002; Fratamico et al. 2003) . In this study, five specific genes were identified for fast detection of E. coli O172 strains. Studies were also conducted to examine the sensitivity of the PCR assay based on O-antigen specific genes.
Horizontal gene transfer events allowed the transition of some E. coli strains from commensal to pathogen (Lan and Reeves 2002) . In E. coli and Salmonella enterica, extensive studies particularly based on analysis and comparisons of Oantigen-related genes have been undertaken to reveal the genetic basis of O-antigen variation . In this study, we show that the O-antigen gene cluster of E. coli O172 is evolutionarily related to that of E. coli O26, some strains of which also belong to STEC strains (Paton and Paton 1998) .
MATERIALS AND METHODS

Bacterial strains and plasmids
All plasmids used in this study were maintained in E. coli K-12 strain DH5a, which was purchased from Beijing Dingguo Biotechnology Development Center (Beijing, China). The E. coli O172 type strain (G1092) was obtained from the Statens Serum Institute (Copenhagen, Denmark). Escherichia coli and Shigella type strains used are previously reported (Feng et al. 2004a) . Dr Lothar Beutin kindly provided 24 E. coli clinical isolates.
Construction of DNaseI shot gun bank
Chromosomal DNA was prepared as previously described (Bastin and Reeves 1995) . Primer numbers 1523 (5 ¢ -ATT GTG GCT GCA GGG ATC AAA GAA ATC-3 ¢ ) and 1524 (5 ¢ -TAG TCG CGC TGN GCC TGG ATT AAG TTC GC-3 ¢ ), which were designed based on the housekeeping genes galF and gnd, respectively, were used in longrange PCR to amplify the O-antigen gene cluster using the Expand Long Template PCR system from Roche (Basel, Switzerland). The PCR cycles used were as follows: denaturation at 94°C for 10 s, annealing at 60°C for 30 s and extension at 68°C for 15 min. The PCR products were digested by DNaseI and the resulting DNA fragments were cloned into pGEM-T Easy to produce a bank using the method described previously .
Sequencing and analysis
Sequencing was carried out using an ABI 3730 automated DNA sequencer (Applied Biosystems, Foster City, CA, USA). Sequence data were assembled using the Staden Package (Staden 1996) . The program Artemis (Rutherford et al. 2000) was used to do sequence annotation. The program BlockMaker (Henikoff et al. 1995) was used for searching conserved motifs. BLAST and PSI-BLAST (Altschul et al. 1997) were used for searching databases including GenBank, COG and Pfam databases (Tatusov et al. 2001; Bateman et al. 2002) . The algorithm described by Eisenberg et al. (1984) was used to identify potential transmembrane segments. Sequence alignment was performed using the program ClustalW (Thompson et al. 1994) .
Specificity assay by PCR
Chromosomal DNA prepared from 186 strains to represent the broadest range of O-antigens of E. coli (including Shigella), was examined to determine its quality by PCR amplification of the mdh gene (coding for malate dehydrogenase and present as a housekeeping gene in E. coli) using primers described previously .
A total of 28 pools of DNA were made, each containing DNA from 6 to 10 strains. Pools were screened using primers based on specific genes of E. coli O172 (Table 1) . The PCR cycles used were as follows: denaturation at 95°C for 30 s, annealing for 30 s and extension at 72°C for 1 min. PCR was carried out in a total volume of 25 ll, of which 10 ll was run on an agarose gel to check for amplified DNA.
Testing primers in clinical strains
Twenty-four clinical E. coli isolates representing different O-antigens, including three E. coli O172 strains, were incubated in LB culture at 37°C for 12 h at 200 rev min )1 . Three millilitres of each culture were centrifuged at 5000 g for 5 min. The pellet was boiled at 100°C for 15 min and centrifuged at 12 000 g for 8 min. One microlitre of supernatant was used as template in the specific PCR reaction. The PCR cycles were as previously described.
Sensitivity of the PCR assay
To determine the sensitivity of the PCR assay, a 10-fold serial dilution of E. coli O172 strain G1092 chromosomal DNA ranging from 1 ng to 0AE1 pg was amplified using primer pairs WL-545/WL-546 and WL-547/WL-548. The primer pairs WL-545/WL-546 and WL-547/WL-548 were also used to screen E. coli O172 strains in pork and water samples. Raw pork purchased from three local butchersÕ shops was weighed into 20 g portions, and stored at )40°C until use. A series of 10-fold dilutions (10 )3 to 10 )10 ) from E. coli O172 strain G1323 were added into each portion of pork or 20 ml of ultra pure water. Concentration of O172 in pork or water samples was determined by checking the CFU on agar plates. Samples spiked with different concentrations of E. coli O172 strains were homogenized in 200 ml LB culture. The homogenized samples were cultured at 200 rev min )1 at 37°C for 12 h and chilled at 4°C. The culture was passed through a six-chamber filter bag and 3 ml filtrate was used for the specific PCR reaction. The template preparation and PCR cycles were as previously described. For each primer the experiment was performed in triplicate.
Nucleotide sequence accession number
The DNA sequence of the E. coli O172 O-antigen gene cluster has been deposited in GenBank under the accession number AY545992.
RESULTS
Sequencing
The O-antigen gene cluster of E. coli O172 was PCR amplified and a random DNaseI bank was constructed for sequencing analysis. To minimize any possible PCR errors, five individual PCR products were combined before construction of the bank. A sequence of 12 850 bases from (Fig. 1) .
Genes in the O-antigen gene cluster of E. coli O172
Putative functions were assigned to all the genes in the Oantigen gene cluster of E. coli O172 by sequence comparisons using available databases (Table 2) .
Genes for sugar biosynthesis. The O-antigen of E. coli O172 contains five sugar residues: a glucosamine (GlcNAc), and two each of glucose (Glc) and fucosamine (FucNAc) (Fig. 2) . As genes for the synthesis of the nucleotide form of common sugars including GlcNAc and Glc are located elsewhere, only genes for UDP-L L-FucNAc were expected in the O-antigen gene cluster. The deduced protein sequence of orf6, orf7 and orf8 showed 79, 52 and 71% identity to FnlA (WbjB), FnlB (WbjC) and FnlC (WbjD), respectively, of Pseudomonas aeruginosa O11 O-antigen gene cluster (Genbank entries: AAF72954, AAF72955 and AAF72956), and showed 68, 40 and 50% identity to FnlA (Cap5E), FnlB (Cap5F) and FnlC (Cap5G), respectively, of Staphylococcus aureus type 5 Oantigen gene cluster (Genbank entries: AAC46088, AAC46089 and AAC46090). FnlA, FnlB and FnlC are enzymes of the UDP-L L-FucNAc biosynthesis pathway in both species (Kneidinger et al. 2003) . They also showed 89, 73 and 98% identity to FnlA (Fnl1), FnlB (Fnl2) and FnlC (Fnl3), respectively, of E. coli O26 O-antigen gene cluster (Genbank entries: AAN60461, AAN60462 and AAN60463; see below). Therefore, orf6, orf7 and orf8 were identified as genes encoding enzymes for the biosynthesis of UDP-L LFucNAc in E. coli O172, and are named fnlA, fnlB and fnlC, respectively.
Genes for O unit processing. Escherichia coli O172 Oantigen gene cluster is expected to include the wzx gene encoding a flippase for O-unit translocation from the cytoplasmic side of the cytoplasmic membrane to the periplasmic side (Liu et al. 1996) , and the wzy gene encoding the O-antigen polymerase, which polymerizes the O-units to form the LPS (Daniels et al. 1998) . Both Wzx and Wzy are typical inner membrane proteins in E. coli strains. In addition, a typical Wzy also contains a large periplasmic loop. orf1 and orf2 were the only two genes predicted to encode proteins with several transmembrane regions.
Orf1 has 12 predicted transmembrane segments. It also showed 26% identity to the Wzx proteins of Yersinia pestis KIM and Y. pestis CO92, respectively. When Orf1 and the Wzx proteins of the two Yersinia strains were analysed using the BlockMaker program, six conserved motifs were revealed (of length 23, 29, 29, 44, 47 and 53 amino acids, respectively). The consensus sequences of those motifs were used to run the program PSI-BLAST to search the Genpept database. Wzx proteins of the two Yersinia strains and other distantly related Wzx proteins were retrieved (E-value ¼ 3 · e )66 ) after three iterations. This indicates that orf1 is the O unit flippase gene (wzx) and named accordingly.
Orf2 had nine predicted transmembrane segments with a large periplasmic loop of 57 amino acid residues. It showed 26 and 25% identity to Wzy proteins of two S. enterica strains (AAL91080 and AAL91081), respectively. When Genes between rmlB and fnlA of E. coli O26 are not shown. All the genes are transcribed in a direction from galF to gnd as the arrow indicates. Asterisk represents wbuC in E. coli O26 and O172. Ka is nonsynonymous substitution rate and Ks is synonymous substitution rate
Orf2 and the two Wzy proteins of S. enterica strains were analysed using the BlockMaker program, five conserved motifs were revealed (of length 21, 40, 42, 45 and 48 amino acids, respectively). The consensus sequences of those motifs were used to run the program PSI-BLAST to search the Genpept database. Except for the Wzy proteins of the two S. enterica strains, only distantly related Wzy proteins were retrieved (E-value ¼ 3 · e )39
) after three iterations. Therefore, orf2 was identified as an O-antigen polymerase gene (wzy) and named accordingly. 
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OAc(70%) Fig. 2 Structure of Escherichia coli O172 O-antigen (Landersjo et al. 2001) . Glc, glucose; GlcNAc, glucosamine; FucNAc, fucosamine; Ac, acetyl group
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Genes encoding sugar transferase. (Alexander and Valvano 1994) . Therefore, only four transferase genes were expected in the O-antigen gene cluster of E. coli O172. Orf3 shares 25% identity or 50% similarity to Lic2B, a putative galactosyltransferase involved in lipooligosaccharide biosynthesis in Haemophilus influenzae (Pettigrew et al. 2002) . Orf3 is related to glycosyltransferase family 25 (pfam01755, E-value ¼ 3 · e )22 ). Members of this family are glycosyltransferases catalysing the transfer of various sugars onto the growing LPS chain during its biosynthesis. Orf3 is also related to protein family COG3306 (E-value ¼ 1 · e )14 ), members of which are also glycosyltransferases involved in LPS biosynthesis. orf3 is proposed to encode a glycosyltransferase and is temporarily named orf3.
Orf4 shares 44% similarity to both TarF, a putative glycerophosphotransferase, and TarL, a putative ribitolphosphotransferase in Bacillus subtilis (Lazarevic et al. 2002) , indicating that orf4 could be a sugar phosphate transferase gene. Searching against the COG and Pfam databases showed that Orf4 is related to the TagB family in the COG database (COG1887, E-value ¼ 9 · e )8 ) and a glycerophosphotransferase family in the Pfam database (pfam04464, E-value ¼ 4 · e )6 ). Members of these two protein families include putative glycosyl/glycerol phosphate transferases involved in teichoic acid biosynthesis. As the only sugar phosphate present in the O-antigen of E. coli O172 is Glc-1-P, we propose orf4 is a glucosylphosphate transferase gene for making the a-D D-Glcp-1-P fi 4-D D-Glcp linkage and temporarily name it orf4.
Orf5 shares 27% identity or 48% similarity to WbbK, a putative glycosyltransferase of E. coli K-12 (Stevenson et al. 1994) . Orf5 is related to the Pfam database glycosyltransferase family 1 (pfam00534, E-value
). Orf5 is also related to the COG database RfaG family (COG0438, E-value ¼ 2 · e )12 ), which is also a glycosyltransferase family. orf5 is proposed to be a glycosyltransferase gene and is temporarily named orf5.
Orf9 showed 94% identity to WbuB, encoded by gene of the of E. coli O26 O-antigen gene cluster (D'Souza et al. 2002) . WbuB is proposed to be a transferase for the linkage: et al. 2002) . As the same linkage is also present in the E. coli O172, orf9 is highly likely to encode a FucNAc transferase for the same linkage and is named wbuB. orf10 shares 98% identity to wbuC of E. coli O26, which is proposed to be a remnant of waaK gene of E. coli K-12, and shares 48% identity to the middle part (base positions 238-678) of the 1140-base waaK gene, which encodes a GlcNAc transferase (Klena et al. 1992) . As orf10 is much smaller than waaK and we already have found all sugar transferases expected, it is highly likely that orf10 is no longer functional and is named wbuC.
Identification of E. coli O172 specific genes
Primers based on the proposed O-unit processing genes wzx, wzy and transferase genes orf3, orf4, orf5 and wbuB were designed (Table 1) . A total of 18 pairs of primers (three pairs for each gene) were used to screen DNA pools constituting all type strains of 186 known O-antigens of E. coli (including Shigella). All the 15 primer pairs based on wzx, wzy, orf3, orf4 and orf5 only produced bands of correct sizes with pool 27, which contains E. coli O172 chromosomal DNA, and no bands were detected with any other pools. However, all the three primer pairs based on wbuB crossreacted with E. coli O4, O12, O25 and O26 by producing the bands identical to those of E. coli O172.
All the 15 primer pairs based on wzx, wzy, orf3, orf4 and orf5 were used to detect E. coli O172 strains in 24 clinical E. coli strains (Table 3) . A double-blind test was performed and all the three E. coli O172 strains were detected (Fig. 3a) , while no non-O172 strains gave out any falsepositive result. Combining the test in type strains and clinical strains, all the primers designed show specificity to E. coli O172 strains. The primer pairs WL-545/WL-546 and WL-547/WL-548 particularly gave positive result in E. coli O172 strains with the clear background on gel in all pools.
Sensitivity of O-specific PCR assays
Using a dilution series of E. coli O172 chromosomal DNA, a sensitivity of 1 pg ll )1 was obtained for each of the three replicates of all the primers using the E. coli O172 type strain (G1092). Primer pairs WL-545/WL-546 and WL-545/WL-546 were used for detection of E. coli O172 strain G1323 in pork and water samples by PCR assay. With either primer pair used, E. coli O172 cells as low as 0AE2 CFU g
)1 in pork or 0AE2 CFU ml )1 in water can be detected (Fig. 3b) .
DISCUSSION
Genes specific to E. coli O172 strains
In food and clinical microbiology, workers pay most interest in the specificity and sensitivity of the test method. Among the 186 E. coli O-antigen forms, several cross-reactions have been found to disturb serotyping assays and traditional serotyping is also occasionally affected by the transition from the smooth form to the rough form. Thus, development of a novel rapid method for differentiating O serogroups of E. coli strains is very important.
This report developed a rapid, specific and sensitive PCR assay for detection of E. coli O172 strains. Fifteen primers based on genes wzx, wzy, orf3, orf4 and orf5 gave no positive result in any of the 186 different O-antigen forms of E. coli and Shigella except for E. coli O172, so these five genes are highly specific to E. coli O172 strains and can be used as target DNA in identification and detection of E. coli O172 strains using PCR or microarray method. The O-antigen gene cluster-specific PCR assay also shows high sensitivity and is a rapid method. The PCR assay described in this study will give out positive result while only <10 cells are present, and can be performed within 1 day. The PCR method based on the specific genes of the O-antigen gene cluster provides a faster and more accurate way than either serotyping or the O-antigen gene cluster-RFLP method for detection of O-serogroup. Together with the PCR method for the detection of H-antigen (Wang et al. 2003) and Shiga toxin (Gannon et al. 1992; Paton et al. 1993) , one can quickly identify the E. coli O172 pathogen strains from water and food.
wbuB is the transferase gene for the linkage of L-FucpNAc-a(1 fi 3)-D D-GlcpNAc PCR cross-reactions were detected among E. coli O4, O12, O25, O26 and O172 using all the three primer pairs based on wbuB of E. coli O172. This cross-reaction was also found using primers based on its homologue, the wbuB gene of E. coli O26, which is proposed to encode FucNAc transferase (D'Souza et al. 2002) . Of the four O-antigens, three (O4, O25 and O26) have known structures and all have the were further compared, it was found that the three FucNAc synthesis genes and the FucNAc transferase gene are located at the 3 ¢ end of the cluster upstream of gnd in the same order for both strains (Fig. 1) . The four genes share a high level of identity between the two strains (72-96%), while the fifth gene in this region, wbuC, is proposed to be nonfunctional in both cases and shares 98% identity between O172 and O26. The nonencoding region upstream of gnd between O172 and O26 also shared 98% identity (Fig. 1) . Upstream of the O-antigen gene cluster, the first 300 bases of nonencoding region show 98% identity between O172 and O26. The high similarity at both ends of the O-antigen gene cluster between O172 and O26 clearly indicates an evolutionary relationship between the two strains. At this stage, it is not clear whether the two clusters were evolved from one to another or both from the same ancestor by replacement of genes located between galF and fnlA in the gene clusters.
We calculated the synonymous substitution rate (Ks) and nonsynonymous substitution rate (Ka) between fnl genes of O26 and O172 using program K-estimator (Comeron 1999) (Fig. 1) . The high Ks-value for fnlA may indicate a high frequency of recombination within it. As in the case of rml genes in S. enterica, rmlC was suggested to play a role in mediating transfer of downstream genes and it has a much higher Ks-value among different serotypes (Li and Reeves 2000) . The similar suggestion may also be made for fnlA, that it plays a role in mediating transfer of upstream genes. The Ks-value of fnlB is also high, as for many other known closely related fnlB genes (data not shown). The significantly high value of Ka/Ks between two wbuCs further confirmed that wbuC has no function. 
